can be added to a culture of cells or injected into an Here, we discuss the development of small-moleculeorganism, enabling precise temporal and spatial condependent switches that control in a general fashion trol. In contrast to classical genetic approaches that intranscriptional activation, translational initiation, and troduce changes at the DNA level, chemical effectors protein activity posttranslationally.
Artificial RNA or protein molecular switches triggered by small molecules can combine some of the advantages of genetic and chemical approaches. Small-molecule control of the switch offers temporal and spatial precision. Moreover, since the switch is expressed in vivo and acts only on the gene of interest, downstream functions can be regulated with high specificity. These advantages, however, typically come at the expense of slower kinetics than approaches that rely solely on small molecules, and genetic intervention is still required. Because natural switches do not possess the generality and independence from cellular systems that are necessary for their application, artificial molecular switches must be created to exploit the above advantages.
Essential Features of Molecular Switches
As defined above, molecular switches must bind at least two molecules: the small-molecule effector and the downstream target. The LacI protein, for example, binds to the small-molecule inducer isopropyl-β-D-thiogalactopyranoside (IPTG) with a w1 M dissociation constant and to the DNA of the operator site with K d = 10 −13 M. Not only must these interactions be of high affinity, but they must also be highly specific: LacI binds the inducer allolactose but does not bind other sugars essary chemical relation to one another [3] . The functional relationship between the two binding sites is provided by the switch itself. One approach to engigests that a "pathway" of energetically coupled residues must exist between the two sites for the energy neering artificial molecular switches is therefore to redesign ligand-receptor interfaces so that downstream of binding to an allosteric regulator to affect catalysis [6] . A molecular switch must therefore possess finely function is controlled by small-molecule inputs chosen by the researcher (Figure 1) . Analogs of natural smalltuned thermodynamic properties that link small-molecule binding with a change in protein function. Another molecule ligands can avoid interference with other cellular processes. Even greater control over a system can approach to engineering molecular switches that will be discussed below is to change the connectivity of the be gained by engineering an orthogonal receptor that responds only to the exogenous ligand. Together, a two binding sites in a switch. Alteration of the allosteric conformational shift of a switch can result in different synthetic ligand and altered receptor constitute an orthogonal pair.
responses to a given input; for example, the effect of ligand binding can shift from repression to activation of In addition to binding a small molecule tightly and specifically, a molecular switch must also convert the a protein's function (Figure 1 . This tetracycline transcriptional activator (tTA) combination of three-finger Zif268 proteins evolved binds DNA and activates transcription only in the abusing phage display, the VP16 activation domain, and sence of tetracycline; removal of the ligand from the the estrogen receptor LBD created transcriptional media was shown to increase expression of a luciferase switches that were activated in cells w500-fold upon reporter gene by five orders of magnitude. This system ligand binding [13] . These studies demonstrated that has been used in many contexts ranging in complexity the zinc-finger technology can be used to target profrom yeast cells to mice (Figure 3 ) [19] . moters in a ligand-regulated manner.
One practical drawback of the tTA system is that tetBarbas, Schultz, and coworkers engineered a natural racycline must be present to keep gene expression rezinc-finger protein, Zif268, to bind to DNA only in the pressed, and ligand removal yields slower responses presence of a small-molecule ligand [14] . His125 and than ligand addition. To address these issues, Hillen Phe116, which participate in zinc binding and hyand coworkers used a directed evolution approach to drophobic packing, were mutated to Ala and Gly, create TetR mutants that only bind the operator in the respectively (Figure 2 . In general, remodeling of the binding site noted that the rtTA system exhibited a low-level backshape has been more successful than attempts to reground activity in the absence of doxycycline and low configure hydrogen-bonding patterns or ionic interacsensitivity to induction. To address these problems, Hiltions. As nuclear hormone receptors are further characlen and coworkers set up a second selection for reterized at the biochemical and structural levels, design versed TetR function, this time based on transcriptional strategies to alter the ligand specificity of natural alloactivation in S. cerevisiae [24] . One clone exhibited 10-steric transcription factors may prove increasingly fruitfold lower unliganded background and a second showed ful. The use of structural information to inform directed 10-fold higher response to doxycycline induction than evolution approaches has proven to be a particularly the original rtTA. These studies collectively imply the powerful strategy in altering the ligand specificity of the existence of a surprisingly large number of solutions in retinoic X receptor [34]. sequence space to the functional reversal of TetR. In
The above examples altered the specificity of natural addition, they highlight the power of molecular evoluactivation domains. In contrast, we recently reported tion approaches to generate and optimize protein conthe creation de novo of an artificial allosteric activation formational changes induced upon ligand binding. domain made of RNA [35] . Using a genetic selection in Creating Orthogonal Transcriptional yeast, we tethered random RNA sequences to a proActivation Domains moter and identified a short RNA sequence that actiIn contrast to these studies that alter DNA binding dovates transcription with potency rivaling some of the mains, the majority of efforts to create small-moleculestrongest natural protein activation domains [36] . Mutadependent transcriptional switches alter the ligand genesis and secondary structure prediction identified specificity of natural allosteric activation domains. This crucial sequence and structural elements. Guided by this information, we designed an insertion site to acapproach has been highly successful with the nuclear an orthogonal ligand-receptor pair. In addition to nuclear receptor ligand binding domains [67] and immunophiIn a further study, Muir and coworkers reported successful conditional trans-splicing in mammalian cells lins [56] , the tetracycline repressor (TetR) has been altered using directed evolution approaches to recognize [65] . Formation of the MBP-His 6 product occurred in vivo solely in the presence of rapamycin, with product new ligands [68] . The introduction of screens or selections against binding of the natural ligand may further visible after only 10 min. Splicing was shown to be tunable over a wide dynamic range depending on the enhance the ability of evolutionary approaches to create truly altered, rather than broadened, specificity. amount of ligand added. The authors also showed that the splicing reaction could be stopped by addition of a The second strategy for creating small-moleculedependent switches is to regulate protein activity through competitor ligand that binds FKBP but does not recruit FRB. It should be noted that one characteristic of inthe colocalization of modular functional domains. Chemical inducers of dimerization were shown to actitein-based switches is that the splicing reaction is irreversible; once the intein is excised and the target vate transcription through induced proximity of DNA binding and activation domains [38, 39]. The dimerizer protein is formed, it will be present until naturally degraded. In contrast, the original CID system can be shut strategy is also capable of direct regulation of protein activity, for example, activating signaling pathways off rapidly by addition of a competitive ligand because only protein localization and not synthesis and degrathrough the colocalization of kinases and their substrates [54] or targeting the proteosome machinery to dation is being regulated.
A second approach to the creation of ligand-depena protein target [59] . When this approach is applied to fragments of a target protein fused to trans-splicing dent inteins relies on allosteric control of intein splicing rather than localization of split-intein halves. Since insystems, a small molecule can trigger the covalent assembly of the intact protein together with the concomteins do not naturally bind small molecules, we inserted the estrogen receptor ligand binding domain (LBD) bemitant loss of the dimerization and intein domains [65] . The third strategy is to engineer allosteric regulation, tween the halves of the intein, creating an intein-ER fusion that is incapable of splicing [66] . emerged for creating artificial molecular switches that
